. The process involves splitting ethanolamine into ammonia and acetalde hyde by an ethanolamine ammonia lyase 9, 10 . The ammonia can serve as a cellular supply of reduced nitrogen, and the acetaldehyde can be converted into the metabolically useful compound acetylCoA 11 . The central genes in this process are eutB and eutC, which encode the ethanolamine ammonia lyase large and small subunits, respectively. As many as 16 accessory genes can be associated with eutB and eutC. An initial understanding of the chemistry and genetics behind ethanolamine utiliza tion was elucidated in Enterobacteriaceae such as Salmonella enterica subsp. enterica serovar Typhimurium and Escherichia coli.
Recently, the gene content, organization and regulation of the ethanolamine utiliza tion (eut) operon were found to vary sub stantially between species 7, 12, 13 . In addition, many reports have identified an association between ethanolamine utilization and viru lence in various pathogens. Here, I present a summary of the recent progress that has been made in our understanding of ethanolamine utilization and highlight important unan swered questions in terms of the catabolic and structural components of the pathway, its regulatory mechanisms and its potential roles in pathogenesis in order to stimulate further investigations in this area.
Overview of ethanolamine catabolism S. Typhimurium: a well-studied example. Ethanolamine utilization has been studied extensively in S. Typhimurium. In this organ ism, 17 genes encoding the proteins involved in ethanolamine catabolism are located together on the chromosome in the eut operon 5, [14] [15] [16] [17] (TABLE 1) . One characteristic of ethanolamine utilization is that all the essen tial enzymes reside in a multiprotein complex, which is termed the carboxysome 17 , owing to its similarity to the organelles in cyanobacte ria that concentrate CO 2 for fixation 18 ; such organelles are also referred to as metabolo somes, enterosomes, polyhedral bodies or bacterial microcompartments
.
In ethanolamine utilization, the forma tion of a microcompartment is thought to help retain the volatile intermediate acet aldehyde to prevent the loss of this source of carbon and protect the cell from its poten tial toxic effects 19, 20 . The structural proteins of the ethanolaminespecific microcom partment are encoded by eutK, eutL, eutM, eutN and eutS 17 . Inside the microcompart ment, as indicated schematically in FIG. 1 , the ethanol amine ammonia lyase, EutBC, breaks down ethanolamine into acetalde hyde and ammonia 5, 14 . This requires the cofactor adenosylcobalamin (AdoCbl) 21 , which is produced from cobalamin by the corrinoid cobalamin adenosyltransferase encoded by eutT 15, 22 . The ammonia can serve as a cellular supply of reduced nitro gen, and the acetaldehyde is converted to acetylCoA by the aldehyde oxido reductase encoded by eutE 5, 14 . AcetylCoA is subse quently used in various metabolic processes, such as the TCA (tri carboxylic acid) cycle (also known as the Krebs cycle), the glyoxy late cycle or lipid biosynthesis. AcetylCoA can also be converted into acetylphosphate by the phosphotransacetylase encoded by eutD. The housekeeping acetate kinase (AckA) can then carry out substratelevel phosphorylation to create acetate from acetylphosphate, concomitantly generating ATP 23, 24 . Alternatively, the alcohol dehydro genase encoded by eutG can convert the acetaldehyde to ethanol, in a reaction that is necessary for the use of ethanolamine as a carbon source in S. Typhimurium, perhaps because it prevents the buildup of toxic levels of acetaldehyde 16 . Several other proteins encoded by the eut operon play a more indirect role in the utili zation of ethanolamine in S. Typhimurium. eutA encodes a reactivating factor for EutBC 25 , and eutJ encodes a protein that might be a chaperone for EutG and EutE 16, 26 . Ethanolamine generally diffuses freely across membranes, but at low pH the protein encoded by eutH facilitates its diffusion across the cell envelope 26 . The proteins encoded by eutP and eutQ have not yet been assigned a function 19 , although EutP is postulated to have GTPase activity and might be involved in reactivating the AdoCbl cofactor 13 . Finally, a DNAbinding transcriptional regulator Ethanolamine utilization in bacterial pathogens: roles and regulation Danielle A. Garsin Abstract | Ethanolamine is a compound that can be readily derived from cell membranes and that some bacteria can use as a source of carbon and/or nitrogen. The complex biology and chemistry of this process has been under investigation since the 1970s, primarily in one or two species. However, recent investigations into ethanolamine utilization have revealed important and intriguing differences in gene content and regulatory mechanisms among the bacteria that harbour this catabolic ability. In addition, many reports have connected this process to bacterial pathogenesis. In this Progress article, I discuss the latest research on the phylogeny and regulation of ethanolamine utilization and its possible roles in bacterial pathogenesis.
belonging to the AraC family, encoded by eutR, positively regulates transcription of the eut operon in S. Typhimurium 5, 27 .
Organization of eut genes in other species.
A recent comparative genomic analysis of ethanolamine utilization revealed that almost 100 fully sequenced bacterial genomes con tain eut operons 13 . The analysis determined the content of these operons and their organizational differences among the phylo genetic groups of bacteria that contain them. Actinobacteria spp. and most proteobacteria were found to have short eut operons contain ing eutB and eutC, frequently with a trans porter encoded by eat (which is a functional, nonhomologous equivalent of eutH) and occasionally with eutR at a different genomic location from eutB and eutC. By contrast, members of the Enterobacteriaceae, includ ing S. Typhimurium and E. coli, have long eut operons, as do members of the phylum Firmicutes. There are considerable differences in gene content and organization among these species containing long operons. Interestingly, some species, such as Klebsiella pneumoniae and Pseudomonas fluorescens, contain both a long operon and a short operon.
The structural components of the micro compartment are not present in those species harbouring only short operons, suggesting that the possible roles for this organelle in concentrating acetaldehyde or protecting the rest of the cell from its toxic effects are expendable. In addition, almost all species that encode the long operons are faculta tive anaerobes that live as commensals or pathogens in the gut or mouth. By contrast, many or most of the organisms that encode short operons are obligate aerobes. It is therefore possible that the microcompart ment is necessary for ethanolamine utiliza tion in the gastrointestinal tract or under anaerobic conditions. Perhaps the organisms in this environment are more dependent on ethanolamine as an energy source and have been under selective pressure to evolve and maintain the accessory proteins because they promote the efficient utilization of this compound. Indeed, it has been shown that S. Typhimurium can still utilize ethanolamine in the absence of the microcompartment structural proteins as long as the catalytic enzymes are overproduced, suggesting that the microcompartment increases utilization efficiency 19 . A deeper understanding of the biological roles of the microcompartment will require further study.
In addition to this analysis, the gene organization and content of the eut operon in Enterococcus faecalis was recently described in detail. This operon contains homologues for most of the genes found in S. Typhimurium, with a few exceptions, the most notable of which is the lack of the gene encoding the regulator, EutR, and the inclu sion of a twocomponent system involving EutW (a sensor histidine kinase) and EutV (a response regulator) 7, 12 . It was found that, like E. faecalis, all other Firmicutes that contain eut operons have the EutVW regulatory sys tem, whereas all Enterobacteriaceae have the EutR regulator. Together, these observations have been taken to suggest that the earliest version of the eut operon contained eutB, eutC and eat. Subsequently, eutR and the other components arose in the branch lead ing to the Enterobacteriaceae, and eutA, eutV and eutW were independently acquired in the Firmicutes. The other genes contained in the long operons are postulated to have arisen in the Firmicutes and to have been acquired by the Enterobacteriaceae through horizontal transfer events 13 . Studying the EutR and EutVW regulatory systems offers the chance to analyse two different regulatory solutions for a common task.
Controlling eut gene expression The EutR system. Early work established that both ethanolamine and AdoCbl are required for the synthesis of EutBC in E. coli 28 , but the mechanism by which the concerted induction of EutBC is achieved was not studied until a decade later. Working in S. Typhimurium, Roth and colleagues first surmised the exist ence of EutR, a global positive regulator of eut gene expression, from a genetic screen for mutants that were unable to utilize ethanol amine 12, 24 . Further studies, which continued to rely almost exclusively on the use of bac terial genetics, established further details about the system, as illustrated in FIG. 2a . The primary eut promoter at the beginning of the operon is induced by EutR in the presence of ethanolamine and AdoCbl, and a second promoter, in front of eutR, provides lowlevel, constitutive expression of EutR. Highlevels of EutR can cause partial induction with just one inducer (either ethanolamine or AdoCbl) and increases maximal expression in the presence of both inducers 27 . An interest ing feature of this regulatory system is that EutR induces its own expression in a positive regulatory loop. Increasing the levels of EutR may be necessary to maintain induction, as AdoCbl is also required as a cofactor for the catalytic activity of EutBC. using strains in which EutR and EutBC are produced at dif ferent levels, Roth and colleagues presented evidence that autoregulation of eutR helps to maintain induced expression despite the competition between EutR and EutBC for AdoCbl. The proposed model is that unin duced cells producing only a small amount of EutR can sense low levels of AdoCbl and induce expression of the operon; once EutBC is produced, it competes with EutR for AdoCbl, but because operon induction results in the production of more EutR, in addition to EutBC, EutR is still able to sense low levels of AdoCbl and maintain induced expression 29 
.
The exact mechanism by which AdoCbl and ethanolamine activate EutR remains unknown. The results from genetic and in vivo work suggest that EutR directly binds these compounds, presumably caus ing a conformational change that allows for DNA binding and transcriptional activation. However, direct biochemical evidence for binding of EutR to the inducing compounds or to DNA is still lacking. In fact, no work has been carried out on this regulator for over 15 years. The only new information has been provided by a bioinformatic analysis that identified potential EutRbinding sites in the promoter regions of eut operons in species that contain this regulatory system 13 
Although questions remain regarding EutR regulation in proteobacterial species, recent data have revealed a unique regulatory mechanism in Firmicutes. (FIG. 2b) . The histidine kinases of twocomponent systems usually autophos phorylate on sensing a specific signal and sub sequently transfer the phosphoryl group to a dedicated response regulator. Phosphorylation of the response regulator typically occurs at a conserved aspartate residue in the receiver domain and causes a conformational change that influences the activity of the output domain, which carries out the regulatory response 30 . most output domains modulate the activity of various processes through pro tein-DNA or protein-protein interactions, but it has been suggested that a small per centage (< 1%) may regulate gene expression through RNAbinding activity 31 . The output domains of these response regulators are pre dicted to have antitermination activity that is believed to be mediated by ANTAR (AmiR and NasR transcriptional antiterminator regulators) domains 32 . Studies on two ANTAR domaincontaining response regu lators, aliphatic amidase regulator (AmiR) and nitrate regulatory protein (NasR), found that these proteins interact with their target mRNA transcripts and prevent the formation of a transcriptional terminator to induce gene expression [31] [32] [33] [34] [35] . The eutassociated response regulator, EutV, has an ANTAR domain 7, 12 , indicat ing that it might also bind RNA and disrupt transcriptional terminators to affect gene expression. Recent data showed that the long eut operons of Firmicutes species that encode EutV have up to four putative stem-loop structures that resemble intrinsic transcription terminators, located at varying positions in the operon 12 . Depending on the operon organization, stem-loops usually precede eutP, eutV, eutG, eutS and eutA. In E. faecalis, intrinsic transcription termina tors have been identified in front of eutP, eutG, eutS and eutA (FIG. 2b) . Although most of the primary sequence of the stem-loops is not highly conserved, a 13nucleotide patch of sequence conservation overlapping the 5′proximal portion of the terminators was identified. Not only was this sequence conserved among the terminators found in eut operons, but it was also present in the primary sequence of the terminator that is recognized by AmiR. These data suggest that this sequence element comprises the anti terminator recognition element and that binding of EutV to this site in the mRNA prevents terminator formation. Preliminary gelshift experiments indicated that EutV is able to interact with the eutP 5′ untranslated region containing this terminator 12 .
The predicted effect of antitermination by EutV is the positive regulation of eut gene expression. Indeed, deletion of the twocomponent system prevented expres sion from a lacZ gene that was fused to the upstream regulatory region of eutP 12 . moreover, it has also been shown that, like S. Typhimurium, E. faecalis can grow on ethanol amine as a sole carbon source, as long as AdoCbl is provided. (Interestingly, and unlike S. Typhimurium, E. faecalis requires anaerobic conditions to grow on ethanolamine. As no alternative electron acceptor is provided in the minimal medium, the growth conditions suggest that E. faecalis ferments ethanolamine.) However, a strain containing a deletion in eutV cannot grow on ethanolamine as a sole carbon source, pre sumably because EutV is required for induc tion of the catabolic machinery 7 . Together, these data suggest that in the Firmicutes, in addition to the EutVW twocomponent sys tem, ethanolamine and AdoCbl are required to activate eut gene expression.
How does this system sense and respond appropriately to the presence of ethanol amine? The sensor histidine kinase, EutW, has a unique sensing domain that is not homologous to the sensing domains of other histidine kinases. using in vitro kinase assays, it was shown that ethanolamine activates autophosphorylation of EutW, and when purified EutV was added, phosphotransfer to EutV was observed 7, 12 . A simple model can be proposed in which the direct binding of ethanolamine to EutW causes autophos phorylation followed by phosphotransfer to, and activation of, EutV. EutV binds to the untranslated regions in the eut operon and prevents terminator formation, thus allowing transcriptional readthrough.
How does this system also sense the pres ence of AdoCbl? AdoCbl does not affect the efficiency of EutW and EutV phos phorylation, at least in vitro (A. Ramesh, personal communication). In addition to the stem-loop structures indicating putative terminators in the untranslated regions of the E. faecalis eut operon, a possible AdoCbl riboswitch was identified 7, 12, 36 . Riboswitches are cisacting regulatory components that are located in untranslated regions of mRNAs. In bacteria, they frequently function by affecting the transcription or translation of downstream genes. They comprise an aptamer domain, which interacts directly with various metabolites, and an expres sion platform, which undergoes structural changes on metabolite binding to influence gene expression. In Grampositive bacteria, the expression platform consists mostly of terminator or antiterminator structures that affect transcription elongation, whereas in Gramnegative bacteria it is more common
Box 1 | Carboxysomes and related microcompartments
Carboxysomes and other bacterial microcompartments are organelle-like structures that differ from eukaryotic organelles because they are enclosed with a protein shell rather than a lipid bilayer. Specific metabolic pathways are sequestered in these organelles, including the pathways for ethanolamine utilization, propanediol utilization, and carbon fixation in cyanobacteria.
Carbon-fixing microcompartments, from which the name 'carboxysome' originates, are the best understood of these microcompartments. In these organelles, Rubisco is exposed to elevated levels of CO 2 , facilitating effective carbon fixation (reviewed in REF. 18 ). It is postulated that the ethanolamine microcompartment might play a similar role by concentrating the intermediate acetaldehyde with the catabolic enzymes. In support of this idea, the need for the microcompartment can be abolished by overproduction of the catabolic enzymes in Salmonella enterica subsp. enterica serovar Typhimurium grown on ethanolamine 19 . However, fundamental questions about the structure and function of microcompartments remain, such as how they allow large compounds and proteins to enter but, at the same time, retain small gases.
Structural studies of the carboxysome indicate that it is icosahedral with flat, triangular facets. The main shell proteins form multimers consisting of six subunits surrounding a central pore. These hexagonal units pack together tightly to form the flat facets of the icosahedral structure, whereas different shell proteins that form pentamers make up the 12 vertices (reviewed in REF. 18 ). The structures of the minor shell protein ethanolamine utilization protein N (EutN) 53 and the major shell proteins EutK, EutL, EutM, and EutS 54, 55 have been recently elucidated. Other than EutK, they all form hexagonal units. EutK is monomeric in solution, and determination of the crystal structure of the carboxyl terminus revealed the presence of a helix-turn-helix domain that might be involved in nucleic-acid binding. EutL has been crystallized with the pore both open and closed, suggesting that the pore is gated 55 . Gated pores could explain how these protein organelles allow the entry of certain large molecules (the cofactor adenosylcobalamin, for example) but retain small substrates and intermediates such as CO 2 and acetaldehyde. to find stem-loop structures that affect the availability of a ribosome binding site, thereby modulating translation 37 . In E. faecalis, the potential AdoCbl ribo switch was discovered in an intergenic region of the eut operon, downstream of the first two genes (eutP and eutT) and upstream of the terminator in front of eutG (FIG. 2b) . AdoCbl increases eut operon expression through an antitermination mechanism that is exerted by an AdoCbl sensing ribo switch 12 . As summarized in  FIG. 2b One can imagine a mechanism in which the sensitivity of the proximal terminator to antitermination by the twocomponent system influences the rate at which tran scripts are produced from a given gene. Such a mechanism could adjust the final ratios of the ethanolamine components that are pro duced. How do ANTAR domaincontaining response regulators such as EutV bind RNA to effect antitermination? Some structurefunction studies have been carried out in the NasR and AmiR systems by introducing mutations into the predicted stem-loops of the terminators, but this has not led to a clear hypothesis for the mechanism [33] [34] [35] . AmiR and another putative antiterminator from Mycobacterium tuberculosis have been crystallized 38, 39 , but a cocrystal of an anti terminator bound to RNA could potentially reveal much about the mechanism of antitermination in these systems.
Possible roles in bacterial pathogenesis many of the bacterial species that harbour eut genes are found in the intestines of mam mals, including species of Listeria, Salmonella, Escherichia, Enterococcus and Clostridium. The gastrointestinal tract provides a rich source of phosphatidyl ethanolamine owing to the presence of the lipid in bacterial and eukaryotic cell membranes and in the host diet 1, 2, 5 . Even in fasting animals, a substan tial amount of phosphatidylethanolamine is found in the intestine, owing to turnover and exfoliation of intestinal cells 40 . There is now evidence that the bacterial genes encod ing proteins for ethanolamine utilization are highly expressed in the gut. For example, a recent study examining gene expression in Listeria monocytogenes under a variety of conditions found that all of the eut genes are upregulated in the intestine of a mouse infection model 41 . The ability to use ethanolamine could contribute to the pathogenesis of bacterial species in an indirect way, by providing a useful source of carbon and/or nitrogen that promotes the successful colonization of the intestine. An alternative to this 'nutri tion hypothesis' is the suggestion that the breakdown of ethanolamine contributes to disrupting gut functions, in particular innate immune functions. Although there is no direct evidence for such a mecha nism occurring during intestinal infec tions, a related example is found in lung infections. Pseudomonas aeruginosa uses haemolytic phospholipase C (PlcH) to digest phosphatidyl choline, which is one of the phospholipids that constitute lung sur factant 42 . The resulting phosphorylcholine is further catabolized and is a potentially useful nutritional source of phosphate, carbon and nitrogen. However, the breakdown of phos phatidylcholine also changes the properties of the pulmonary surfactant such that it is unable to maintain alveolar stability and res piratory function, contributing to disease in the P. aeruginosainfected lung 43 . The ability to break down phosphatidylethanolamine, a prevalent phospholipid in the gut, could contribute to disease by a similar mecha nism if this lipid is necessary for proper gut functioning or mucosal innate immunity. Another possibility is that the breakdown of ethanolamine could modulate innate immu nity through the production of acetate; as discussed above, during the breakdown of ethanolamine, acetate can be formed from acetylCoA by a pathway involving the phos photransacetylase EutD 24 , and recent data revealed that acetate interacts with G protein coupled receptor 43 (GPR43; also known as FFAR2) in the gut to modulate innate immunity and inflammation 44 .
In support of a role for ethanolamine utilization in bacterial pathogenesis, various expression studies in S. Typhimurium have linked eut gene expression to the activity of global virulence regulators. For example, carbon storage regulator A (CsrA), a global regulator that is important for the expression of flagellar genes and the virulence genes located in Salmonella pathogenicity island 1 (SPI1), also upregulates the eut genes. In a microarray analysis of a csrA mutant, all of the eut genes had expression levels between 2fold and 10fold lower than the levels in wildtype bacteria 45 . microarray analysis has shown that Fis, another global regulator In the ethanolamine-specific microcompartment, the structural components of which are EutK, EutL, EutM, EutN and Euts (EutKLMNs), ethanolamine is degraded to acetaldehyde and ammonia (NH 3 ) by the ethanolamine ammonia lyase (EutBC), which requires the cofactor adenosylcobalamin. Acetaldehyde can be catabolized to ethanol by Eutg (which encodes an alcohol dehydrogenase) or to the metabolically useful compound, acetylCoA, by EutE (which encodes an acetaldehyde dehydrogenase). Acetyl-CoA can be used in a range of metabolic processes or converted into acetylphosphate by EutD (which encodes a phosphotransacetylase). The housekeeping acetate kinase (AckA) can generate ATP and acetate from acetylphosphate through substrate-level phosphorylation. CoAsH, CoA; P i , inorganic phosphate; TCA, tricarboxylic acid. Data from REF. 19 .
AdoCbl EutR EutR
Nature Reviews | Microbiology . One study examined the effects of mutations in eut operon genes on a mouse model of S. Typhimurium infection and found a 5fold to 10fold increase in the lD 50 (median lethal dose) compared with wildtype lD 50 values 16 . In contrast to the situation in S. Typhimurium, the Fsr system in E. faecalis, which is a global regulator of virulence, was found by microarray analysis to strongly downregulate genes in the eut operon between 8fold and almost 300fold during stationary phase 47 . Perhaps this difference can be attributed to the role of E. faecalis as a commensal organism rather than a pathogen in the mammalian intestine, where ethanolamine utilization might help E. faecalis to colonize and survive rather than cause infection. Interestingly, in the nematode Caenorhabditis elegans, E. faecalis causes a persistent and deadly infection in the intestine 48 . In this context, a mutant with a transposon insertion in the eut operon was identified in a screen for mutants that were attenuated in killing C. elegans, suggest ing that ethanolamine utilization promotes pathogenesis in the worm 49 .The upregulation of eut genes during a variety of host-pathogen interactions provides additional evidence that suggests a role for ethanolamine utiliza tion in bacterial pathogenesis. For example, in an extensive expression study using tiling microarrays to analyse gene expression in L. monocytogenes under a variety of condi tions, all of the eut genes were strongly upreg ulated in the intestines of infected mice and many were also expressed at slightly higher levels in human blood in comparison to levels in control bacteria grown in rich medium 41 . Another microarray analysis found that the eut operon was upregulated in L. monocytogenes during intracellular growth in the cytosol of human colon epithelial (Caco2) cells. Furthermore, a strain containing a deletion in eutB was shown to be defective in intracellular growth, reaching only 10% of the number of cells in the control group after both strains were allowed to replicate in Caco2 cells for 7 hours. These data suggest that EutB positively contributes to the ability of L. monocytogenes to grow effectively in the intracellular environment 50 . Photorhabdus luminescens is a Gramnegative bacterium that lives as a symbiont in the gut of the nema tode Heterorhabditis bacteriophora. When this nematode invades insects such as the wax moth caterpillar (Galleria mellonella), the bacteria are regurgitated into the insect, where they cause a lethal infection, thereby providing a meal for their nematode host. Interestingly, in a study using a pro moter trap library, eutA, eutB and eutC were among the genes upregulated in the haemol ymph of the infected insect, suggesting a pos sible role for ethanolamine utilization during this host-pathogen interaction 51 . The upregu lation of eut genes during host-pathogen interactions has also been observed in plants. A GFPbased in vivo expression technology (IVET) leaf assay identified eutR among the genes that were upregulated in a screen of the Gramnegative plant pathogen Erwinia chrysanthemi during infection of spinach. moreover, a strain with a mutation in eutR could still create a local maceration but could not cause systematic infection in the African violet. These data suggest that the ability to utilize ethanolamine contributes in some way to the ability of E. chrysanthemi to metastasize in the plant 52 .
In conclusion, evidence from a diverse range of pathogens and different types of infection links ethanolamine utilization to bacterial pathogenesis. However, to date, many of these connections are indirect and remain speculative. It is unknown whether ethanolamine is simply a valuable nutritional source of carbon and/or nitrogen in a range of host environments or whether the ability to digest this compound contributes to host invasion or immune evasion by a more specific mechanism.
Conclusions
Aspects of ethanolamine utilization have been studied in E. coli and S. Typhimurium since the 1970s, and the results from this early work included the characterization of the enzymatic and structural components involved as well as the genetic locus that encodes these functions. more recent stud ies that encompass bacterial species other than E. coli and S. Typhimurium have shown that there is wide variation in the gene content, organization and regulation of eut a | In Salmonella enterica subsp. enterica serovar Typhimurium, the mrNA encoding Eutr, the transcriptional regulator, is produced at a low level from the constitutive promoter, P2. The inactive regulator is thought to sense the presence of ethanolamine (Et) and adenosylcobalamin (AdoCbl) by direct binding, which changes the conformation of Eutr to the active form, promoting transcription of the entire eut operon from the inducible promoter, P1. b |on ethanolamine binding in Enterococcus faecalis, the sensor histidine kinase EutW autophosphorylates, followed by phospho-transfer to the response regulator EutV. This activation of the two-component system by phosphorylation leads to the disruption of the terminators (T) that are present in the operon, probably by direct binding, allowing transcriptional read-through. The untranslated region proximal to T2 also contains a riboswitch (red), which promotes anti-termination on binding to AdoCbl. The question marks represent genes for which the identities are still controversial. c | A detailed representation of the E. faecalis riboswitch proximal to T2, with the conserved core region indicated by the dotted outline. operons 7, 12, 13 . Novel mechanisms of post transcriptional regulation have been identi fied, but much remains to be discovered. Another future challenge will be to elucidate the relationship between ethanolamine utili zation and bacterial pathogenesis. Despite a preponderance of recent data suggesting that there is a connection, no clear understand ing of the role of ethanolamine utilization in virulence has emerged, and this remains a prime topic for future study. 
